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Increased pancreatic islet mass is accompanied by activation of
the insulin receptor substrate-2 ⁄serine-threonine kinase pathway
and augmented cyclin D2 protein levels in insulin-resistant rats
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Summary

It is well known that glucocorticoids induce peripheral insulin resistance in rodents and

humans. Here, we investigated the structural and ultrastructural modifications, as well as

the proteins involved in beta-cell function and proliferation, in islets from insulin-resistant

rats. Adult male Wistar rats were made insulin resistant by daily administration of dexa-

methasone (DEX; 1mg ⁄ kg, i.p.) for five consecutive days, whilst control (CTL) rats received

saline alone. Structure analyses showed a marked hypertrophy of DEX islets with an

increase of 1.7-fold in islet mass and of 1.6-fold in islet density compared with CTL islets

(P < 0.05). Ultrastructural evaluation of islets revealed an increased amount of secreting

organelles, such as endoplasmic reticulum and Golgi apparatus in DEX islets. Mitotic fig-

ures were observed in DEX islets at structural and ultrastructural levels. Beta-cell prolifera-

tion, evaluated at the immunohistochemical level using anti-PCNA (proliferating cell

nuclear antigen), showed an increase in pancreatic beta-cell proliferation of 6.4-fold in

DEX islets compared with CTL islets (P < 0.0001). Increases in insulin receptor substrate-2

(IRS-2), phosphorylated-serine-threonine kinase AKT (p-AKT), cyclin D2 and a decrease in

retinoblastoma protein (pRb) levels were observed in DEX islets compared with CTL islets

(P < 0.05). Therefore, during the development of insulin resistance, the endocrine pancreas

adapts itself increasing beta-cell mass and proliferation, resulting in an amelioration of the

functions. The potential mechanisms that underlie these events involve the activation of the

IRS-2 ⁄ AKT pathway and activation of the cell cycle, mediated by cyclin D2. These

adaptations permit the maintenance of glycaemia at near-physiological ranges.
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Insulin resistance is associated with the pathogenesis of

diabetes mellitus, which constitutes one of the main threats

to human health (Anderson et al. 2003). The knowledge of

the morphological and functional mechanisms that accom-

pany insulin resistance is important, as this may aid in the

development of future preventive therapies. The capacity of

dexamethasone (DEX) to induce peripheral insulin resistance

in vivo (Saad et al. 1993; Barbera et al. 2001; Severino et al.

2002; Nicod et al. 2003) and in vitro (Burén et al. 2002;

Ruzzin et al. 2005) has been previously demonstrated and,

depending on the dose and time of treatment, can cause type

2 diabetes (Pagano et al. 1983; Beard et al. 1984; Hoogwerf

& Danese 1999). During the insulin resistance state, altera-

tions are observed in the glucose metabolism in peripheral

tissues such as liver, muscle and adipose tissues (as a result

of the failure of these tissues to respond to insulin). These

alterations were accompanied by functional and morphologi-

cal changes in pancreatic beta cells. Peripheral insulin resis-

tance provokes increased plasma insulin levels as a

consequence of oversecretion of insulin by pancreatic islets

in an attempt to keep the glycaemia close to physiological

ranges (Barbera et al. 2001; Severino et al. 2002; Nicod

et al. 2003). Insulin resistance also induces an increase in

total pancreatic insulin content (Bonner-Weir et al. 1981)

and a higher glucose-stimulated insulin secretion (GSIS) by

islets ex vivo (Novelli et al. 1999; Holness et al. 2005).

Compensatory islet hypertrophy towards chronic glucocorti-

coid treatment in vivo (Visser et al. 1979; Tomita et al.

1984; Zwicker & Eyster 1993) and in animal models that

exhibit insulin resistance (Ogawa et al. 1992; Pick et al.

1998) has been described as the main morphological adapta-

tion in this condition. The pancreatic beta-cell mass results

from a dynamic balance of neogenesis, proliferation, cell

volume changes and cell death (Bonner-Weir 2000, 2001).

However, the molecular mechanisms involved in the regula-

tion of beta-cell mass are not yet completely elucidated.

Increased expression or activity of proteins related to

the islet function and to the control of G1 ⁄ S cell cycle

progression, such as insulin receptor substrate-2 (IRS-2),

serine-threonine kinase AKT, cyclin D1, cyclin D2, cyclin-

dependent-kinase-4 (CDK4) and p21 have been associated

with augmented islet mass (Cozar-Castellano et al. 2004;

Zhang et al. 2005; Fatrai et al. 2006; Niessen 2006;

Fernández et al. 2006; Terauchi et al. 2007).

Recently, using different doses of DEX administration in

vivo, it was demonstrated that the dose of 1.0 mg ⁄ kg

induces marked peripheral insulin resistance and decreased

glucose tolerance (Rafacho et al. 2008). Islets from these

animals exhibited adaptive compensations, including

increases in glucose- and other secretagogue-induced insulin

secretion. The structural and ultrastructural data on pancre-

atic islets, referring to glucocorticoid-induced insulin resis-

tance, are scarce; however, the majority of these studies only

demonstrate islet hypertrophy as a compensatory adaptation

to peripheral insulin resistance (Boquist 1972; Jonas et al.

1983; Tomita et al. 1984). Unfortunately, other studies

employing prolonged periods of treatment with glucocorti-

coids refer to pancreatic islet observations in relation to dia-

betic conditions (Visser et al. 1979; Diani et al. 1987;

Zwicker & Eyster 1993; Momose et al. 2006). Thus, the

current study sought to investigate the structure and ultra-

structure of pancreatic rat islets, as well as some target pro-

teins involved in the function and control of beta-cell cycle

progression in insulin-resistant rats.

Materials and methods

Animals

Experiments with animals were approved by the institutional

(UNESP) Committee for Ethics in Animal Experimentation

and conform to the Guide for the Care and Use of Labora-

tory Animals published by the US National Institutes of

Health (NIH publication no. 85-23, revised 1996). Groups

of five male Wistar rats (3 months old) from the breeding

colony at UNESP were kept at 24 �C on a 12h light ⁄ dark

cycle. The rats had free access to food and water. DEX-trea-

ted rats received daily injections of DEX (1mg ⁄ kg b.w., i.p.,

Decadron�; Aché, Campinas, Brazil) for 5 days, whereas con-

trol (CTL) rats received saline. On the day following the last

DEX administration, fed rats were killed by exposure to CO2,

followed by decapitation. The blood was collected and imme-

diately centrifuged. The serum insulin levels were detected by

radioimmunoassay (RIA), utilizing guinea-pig anti-rat insulin

antibody and rat insulin as standard (Scott et al. 1981).

Intraperitoneal insulin tolerance test (ipITT)

The ipITT was performed in separate groups as described in

detail previously (Rafacho et al. 2007, 2008).

Structural and quantitative approaches

To study the morphological aspects and islet mass of endo-

crine pancreas, five pancreases from each group were excised,

cleared of fat and lymph nodes, weighed, immersion-fixed for

12 h in Bouin’s fixative solution, dehydrated and embedded

in paraffin. At 250 lm intervals, four serial sections (5 lm)

were cut on a rotary microtome and adhered to individual

normal or silanized glass. The first section from each series
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was stained with Gömori’s trichrome to perform the morpho-

logical and stereological analysis. The second, third and

fourth sections were immunoperoxidase stained for insulin,

glucagon and proliferating cell nuclear antigen (PCNA),

respectively, to qualify the distribution of pancreatic beta and

alpha cells and the presence of proliferation in beta cells.

Islet mass. This was determined by point counting stereology

(Weibel 1972) on Gömori’s trichrome-stained sections. Each

section was counted systematically with a grid of 100 points

(final magnification ·320). The numbers of points over endo-

crine, exocrine and non-exocrine pancreatic tissue were

counted. The relative islet volume was calculated by dividing

the number of points over the endocrine tissue by the number

of points over the total tissue. Islet mass was determined by

multiplying the relative volume by the total weight of the

pancreas. A minimum of 500 fields per rat was counted. The

islet images for documentation were registered by a CCD

camera, coupled to an Olympus BX-60 photomicroscope

(Olympus, Tokyo, Japan).

Immunostaining. Cellular distribution of insulin, glucagon

and PCNA was analysed using a standard indirect immuno-

peroxidase method. After paraffin removal, the sections were

rehydrated and blocked against endogenous peroxidase activ-

ity with 1% H2O2. After washing with 0.01 m phosphate-

buffered solution (PBS, pH 7.4) the sections were treated with

0.01 m sodium citrate buffer (0.05% Tween 20, pH 6.0) at

98 �C for antigen retrieval. Sections were then incubated for

30 min with PBS (0.05% Tween 20 and 5% of dry skimmed

milk) followed by primary antibody incubation for 2 h at

room temperature (RT). The antibodies used were rabbit

anti-insulin (Santa Cruz Biotechnology, Santa Cruz, CA,

USA), goat anti-glucagon (Santa Cruz biotechnology) and

rabbit anti-PCNA (Dako Cytomation, Carpinteria, CA, USA)

diluted at 1:150, 1:75 and 1:150 in PBS with 2% of dry

skimmed milk respectively. After washes in PBS, sections

were incubated at RT for 30 min with LSAB (Dako Cytoma-

tion) for insulin or PCNA or with specific biotinylated sec-

ondary antibody (Dako Cytomation) for glucagon. Sections

were then treated with horseradish peroxidase (HRP)-strepta-

vidin solution from LSAB for insulin or AB system (Dako

Cytomation) for glucagon during 30 min at RT. The strepta-

vidin–biotin complexes were detected with diaminobenzidine

(DAB) solution (0.1% DAB and 0.02% H2O2 in PBS).

Finally, the sections were rapidly stained with Harris’ hae-

matoxylin and mounted for microscopic observation.

Islet and nucleus area, perimeter and roundness-

factor. Pools of 1000 islets, isolated by collagenase digestion

of the pancreas according to a previously published protocol

(Rafacho et al. 2007, 2008), were collected with a Pasteur

pipette and immediately immersion-fixed in 4% paraformal-

dehyde. Three pools of 1000 islets of each group were used

to perform the measurement of total islet area and three

other pools were used to determine the nucleus area. For

total islet area the islets were submitted to Feulgen’s DNA

method en bloc (Mello 1997) and to determine nucleus area

the islets were embedded in historesin (Leica, Wetzlar, Ger-

many), sectioned at 3 lm and submitted to Feulgen’s DNA

method for posterior analysis. At least 500 islets and 300

nuclei for each group were randomly acquired by a CCD

camera. The area (lm2) and perimeter (lm) values were

automatically obtained by the Image-Pro-Plus � Media,

Cybernetics program, coupled to an Olympus BX-60 photo-

microscope. For islet measurements, perimeter values were

used to calculate the roundness-factor and the following for-

mula was used [4pÆarea ⁄ (perimeter)2]; for those considered

to form a perfect circle, the resulting value was ‡1, and for

islets that were not perfect circles, the resulting value was <1.

Beta-cell proliferation. Average beta-cell proliferation was

obtained by counting total islet-cell nuclei stained for insulin

and PCNA, using the software cited above. At least 40 islets

(4800 ± 233 beta-cell nuclei) per animal were sampled. The

beta-cell proliferation was estimated by the percentage

of PCNA-positive cells of the total insulin-positive cells

(Terauchi et al. 2007).

Transmission electron microscopy

Pools of isolated islets from the experimental groups were

processed for transmission electron microscopy, as described

previously (De Carvalho et al. 1994), employing the fixation

procedure according to Cotta-Pereira et al. (1976). Briefly,

isolated islets were fixed in 3% glutaraldehyde ⁄ 0.25% tan-

nic acid in Millonig’s buffer pH 7.3 for 2 h, postfixed in 1%

osmium tetroxide, dehydrated in acetone and finally embed-

ded in araldite resin. After the selection of the regions of

interest by trimming the material with a glass knife, ultra-

thin sections (50–75 nm) obtained with a diamond knife

were collected and stained by uranyl acetate and lead citrate.

Observation and electron micrographs were made with a

LEO–Zeiss 906 transmission electron microscope (Eching

bei München, Germany).

Insulin content and secretion

Insulin content and secretion were measured as described in

detail previously (Rafacho et al. 2007, 2008). Briefly, after
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islet isolation, groups of five islets were first incubated for

1 h at 37 �C in a Krebs-bicarbonate buffer solution contain-

ing 5.6mmol ⁄ l glucose, supplemented with 0.5% of bovine

serum albumin and equilibrated with a mixture of 95%

O2:5% CO2, pH 7.4. The medium was then replaced by

fresh buffer containing 2.8 or 16.7 mmol ⁄ l glucose and incu-

bated for a further 1 h. At the end of the incubation, the

supernatant was collected and appropriately stored at

)20 �C for subsequent measurement of insulin content by

RIA, as described above.

Protein extraction and immunoblotting

The following antibodies were used: anti-insulin receptor

subtrate-2 (IRS-2) (Cell Signaling, Beverly, MA, USA), anti-

alpha-tubulin (used as a housekeeping antibody), anti-AKT,

anti-phospho-AKT (ser473) (p-AKT) (Santa Cruz Biotech-

nology), anti-cyclin D2 (Lab Vision, Fremont, CA, USA),

anti-retinoblastoma protein (pRb) (BD Bioscience, Missis-

sauga, ON, CA) and anti-PCNA (Dako Cytomation). Pools

of islets were homogenized in ice-cold cell lysis buffer (Cell

Signaling) using a cell homogenizer (Fisher Scientific, Suwa-

nee, GA, USA) for 10 s at the maximum speed. Protein con-

centration from total cell lysate was determined by the

RCDC method, according to the manufacturer (Bio-Rad,

Hercules, CA, USA). Immunoblotting experiments were per-

formed at least six times. Protein obtained from islets

(100 lg) was used for each experiment. After blocking at

RT for 2 h in Tris buffer salt tween (TBST) ⁄ 5% dry

skimmed milk, membranes containing islet lysates were

washed in TBST (3 · 7 min) and incubated overnight with

primary antibodies at the dilutions recommended by the

manufacturers in TBST ⁄ 3% dry skimmed milk. After wash-

ing in TBST (3 · 10 min), membranes were incubated with

the appropriate secondary antibody conjugated with HRP

for 90 min in TBST ⁄ 1% dried skimmed milk at RT. Anti-

body binding was detected by enhanced SuperSignal� West

Pico Chemiluminescent Substrate (Pierce, Rockford, IL,

USA), as described by the manufacturer. Blots were scanned

(Epson expression 1600) and the densitometry of protein

bands was determined by pixels intensity using Scion Image

software (Scion Corporation, Frederick, MD, USA).

Statistical analysis

Results are expressed as the mean ± SEM of the indicated

number (n) of experiments. Statistical comparisons between

data from DEX and CTL groups were performed using the

unpaired Student’s t-test. The significance level adopted was

P < 0.05.

Results

Development of insulin resistance

Increases in serum insulin levels and GSIS are features of

insulin-resistant rodents (Weir et al. 2001). Previous works

from our group have demonstrated that rats receiving

1.0 mg ⁄ kg DEX showed decreased insulin sensitivity,

accompanied by a decrease in glucose tolerance. Increases in

circulating serum insulin levels and GSIS were also observed

in these rats (Rafacho et al. 2007, 2008). Herein, we analy-

sed serum insulin, ipITT and GSIS parameters to confirm

the presence of insulin resistance. DEX rats showed a

marked increase in fed serum insulin values (25.8 ± 4.2 vs.

4.3 ± 0.6 ng ⁄ ml for DEX and CTL rats respectively; n = 10,

P < 0.05). During ipITT, DEX rats exhibited decreased

insulin sensitivity as shown by a significant reduction in the

constant glucose disappearance rate that was threefold lower

than that of the CTL (n = 8, P < 0.05). DEX islets showed a

3.4-fold increase in insulin secretion in islets incubated with

16.7mM glucose, compared to CTL islets (3.82 ± 0.22 vs.

13.22 ± 1.02% of islet content for CTL and DEX rats,

respectively; n = 12, P < 0.05).

Light microscopic findings in pancreatic islets of DEX

rats

Figure 1(a) shows a panoramic view of a histological sec-

tion of pancreas from CTL rats. No major histological dif-

ferences of the exocrine tissue were observed in pancreas

from DEX-treated rats. However, varying degrees of islet

hyperplasia were more often exhibited by the DEX pan-

creas (Figure 1c,d). Higher numbers of irregular islets,

compared with the rounded and oval islets, were observed

in DEX, compared with CTL pancreas (Figure 1c,d). The

signs of hyperplasia are generally evidenced by coalescence

of adjacent islets (Figure 1c) and enlargement and

increased cellularity (Figure 1d). Although mitosis figures

are a scarce phenomenon, they were more frequent in

DEX, compared with CTL islets (compare Figure 1b with

Figure 1e–g).

In CTL rats, beta-cells represent almost all the cells in

the islets. The insulin-positive cells occupied the core and

mantle of the islet (Figure 2a). Glucagon-positive cells

were limited to the ring surrounding the islet (Figure 2b).

The pattern of insulin-positive cell distribution in DEX

islets was similar to that of CTL islets (Figure 2c). How-

ever, there was an apparent discontinuous ring of gluca-

gon-positive cells in DEX islets compared with CTL islets

(Figure 2d).

Islet mass and cell cycle proteins in DEX rats 267

� 2008 The Authors

Journal compilation � 2008 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 89, 264–275



Structural aspects of islet nuclei in DEX rats

Using Feulgen’s DNA method, we observed a well-distributed

uniform chromatin, characteristic of normal nuclei, in CTL

islet cells (Figure 3a). However, some nuclei from DEX islet

cells exhibited a more condensed chromatin compared with

CTL islets (Figure 3b). Occasionally, pyknosis signals and

bleb formation were observed in DEX-islet cells, indicating

the presence of suspect apoptotic phenotypes (arrowheads in

Figure 3b). The mean nuclei area and perimeter values were

significantly lower in DEX, compared with those observed in

CTL islet cells (n = 300, P < 0.05; Table 1). DEX islet cell

nuclei demonstrated 32% and 20% reductions in area and

perimeter values, respectively, compared with CTL.

Transmission electron microscopy assays

Ultrastructural evaluation of isolated DEX and CTL islets

confirmed light microscopy results. Pancreatic CTL islet cells

(alpha and beta) were easily identified by their characteristic

secretory granules (Figure 4b). The secretory granules from

pancreatic beta cells featured an electron-dense core and a

translucent halo appearance (Figure 4d,e). In DEX islets,

alpha and beta cells were also easily distinguishable (Fig-

ure 4g). However, DEX beta cells showed an increase in the

number of secreting organelles, such as endoplasmic reti-

culum and Golgi apparatus. The endoplasmic reticulum was

preferentially located at the cytoplasm periphery (Figure 4i,k)

and the Golgi apparatus at the para-nuclear region

(Figure 4h). Mitosis figures were confirmed at the ultra-

structural level in DEX beta cells (Figure 4j).

(a) (b)

(c)

(e) (f)

(g)

(d)

Figure 1 Morphological aspects of pancreatic islets from DEX

and CTL rats. Islets of CTL (a, b) and DEX (c, d) rats. Arrows

point to mitotic figures in DEX pancreas (e, g). Light micro-

scope with Gömori’s trichrome staining. Magnification ·200 in

(a), (c) and (d) and ·1000 in (b), (e), (f) and (g).

(a)

(c) (d)

(b)

Figure 2 Cellular distribution of insulin- and glucagon-positive

cells in pancreatic islets of DEX and CTL rats. CTL and DEX

pancreas immunostained for insulin (a, c) and glucagon (b, d)

respectively. Light microscope. Magnification ·400.

(a) (b)

Figure 3 Nucleus of isolated islets stained by Feulgen’s DNA

method. Nuclei from CTL (a – arrows) and DEX (b – arrows)

islet cells. Occasionally, pyknosis signals and bleb formation

indicate the presence of suspect apoptotic phenotypes in DEX

islet cells (b – arrowheads). See text for details of morphometri-

cal data. Magnification ·1000.
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Increased pancreatic islet area and mass in pancreas from

DEX-treated rats

Morphometrical parameters indicate marked differences

between DEX and CTL islets (Table 1). DEX treatment

induced a significant increase in area and perimeter of the

islets, compared with CTL islets (n = 500, P < 0.05). In

addition, the roundness-factor value decreased in DEX islets

(n = 500, P < 0.05). The increase in area and perimeter

values was 2.1- and 1.5-fold, respectively, in DEX compared

with CTL islets (Table 1). The pancreatic islet mass was

1.7-fold higher in DEX, compared with CTL pancreas

(n = 5, P < 0.05; Figure 5a,c). Furthermore, the density of

the islets was significantly higher in DEX compared with the

CTL group (n = 5, P < 0.05; Figure 5b,c).

Table 1 Area and perimeter

values from control (CTL) and

dexamethasone-treated (DEX) rat islets

Area (lm2) Perimeter (lm) Roundness-factor

Islet Nucleus Islet Nucleus Islet Nucleus

CTL 12,153 ± 420 30.5 ± 0.6 432 ± 7 21.5 ± 0.2 0.75 ± 0.008 0.83 ± 0.01

DEX 26,057 ± 915* 20.5 ± 0.5* 672 ± 15* 17.2 ± 0.2* 0.69 ± 0.008* 0.86 ± 0.06*

Values are mean ± SEM.

*Significantly different vs. CTL. n = 500 for islet and 300 for nucleus. P < 0.05. Unpaired

Student’s t-test.

(a) (b)
(e)

(d)(c)

(f)

(g)

(h)

(k)(i)

(j)

Figure 4 Transmission Electron Microscopy of isolated islets.

General view of the islets (a, f); partial view of the cytoplasm of

the alpha and beta cells showing the characteristic granules in

CTL and DEX group (b, g, respectively); detailed view of the

alpha-cell cytoplasm (c) and of the beta-cell cytoplasm in the

CTL group (d) with details of granules (inset). Note the increase

in the secreting organelles, such as the Golgi apparatus, in the

beta-cell cytoplasm (h) and rough endoplasmic reticulum in the

peripheral region (i, k) in DEX islet. Mitosis (initial telophasis)

figure in the beta cell of DEX islet (j). N, nucleus; Gr, granules;

C, centrioles; Cr, chromosomes; Nu, nucleolus; GA, Golgi

apparatus; RER, rough endoplasmic reticulum.

(a)

(b)

(c)

Figure 5 Increased pancreatic islet mass in insulin-resistant

rats. Observe the significant increase in islet volume (a) and

islet density (b) in DEX pancreas. Representative image of

Gömori’s trichrome-stained pancreas section from CTL and

DEX groups (c). Data are mean ± SEM. *Significantly

different vs. CTL. P < 0.05; n = 5. Unpaired Student’s t-test.

Magnification ·40.
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Immunohistochemistry of PCNA and quantification of

beta-cell proliferation

The potential capacity of beta cells for proliferation in both

CTL and DEX islets was evaluated at the immunohistochem-

ical level. The PCNA-positive cell was observed in low fre-

quency in pancreatic islets from CTL rats (Figure 6c). Serial

section of pancreas stained for insulin confirms the co-locali-

zation of PCNA-positive nucleus with beta cell (Figure 6e,f).

However, pancreatic beta cells in DEX islets exhibited

marked increase in PCNA-positive nuclei (Figure 6d).

Figure 6(g,h) shows two PCNA-positive beta cells undergoing

mitosis in DEX islets. The quantitative determination of

beta-cell proliferation by morphometric analysis revealed a

significant increase in beta-cell proliferation in DEX islets

(n = 4, 800 nuclei; P < 0.05). The percentage of PCNA-posi-

tive nuclei from total beta cells counted was (15.2 ± 1.2 vs.

2.37 ± 0.46% for DEX and CTL, respectively) (compare

Figure 6c with Figure 6a and Figure 6d with Figure 6b).

Immunoblotting of islets for IRS-2, p-AKT, cyclin D2,

pRb, PCNA, Bax and Bcl-2 proteins

To determine whether the changes in pancreatic beta-cell

proliferation in DEX islets were associated with alterations

in proteins involved in this event, we performed immuno-

blotting for IRS-2, p-AKT, AKT, cyclin D2, pRb and PCNA

proteins. A 2.2-fold increase in IRS-2 protein expression was

observed in DEX islets (n = 6, P < 0.05; Figure 7a). The

phosphorylation levels (but not total protein content) of

(a)

(c)

(e)

(f) (h)

(g)

(d)

(b)

Figure 6 Light microscopy evaluation of in situ anti-PCNA

expression in the isolated pancreatic islets. The majority of

PCNA-positive cells were related to the beta cell (arrows). Two

serial sections were made and one was submitted to anti-PCNA

reaction (c, d) and the subsequent section was submitted to

anti-insulin reaction (a, b). The increase in PCNA-proliferating

cells was notable in DEX islets, including mitotic PCNA-

positive figures (d, g, h).

(a)

(b)

Figure 7 Increased expression of proteins related to the beta cell

proliferation in insulin-resistant rats. Equal amounts of total

protein were run in SDS-PAGE from CTL and DEX islets and

detected with anti-IRS2, phosphorylated AKT, cyclin D2, pRb

and PCNA (a) antibodies. In (b) Bax ⁄ Bcl2 protein ratio. Data

are mean ± SEM *Significantly different vs. CTL. P < 0.05;

n = 6. Unpaired Student’s t-test.
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AKT was also significantly increased in DEX compared with

CTL islets (n = 6, P < 0.05; Figure 7a). Cyclin D2 protein

expression exhibited a 1.9-fold increase in DEX islets (n = 6,

P < 0.05; Figure 7a), whereas the expression of total pRb

was 0.5-fold decreased in DEX islets (n = 6, P < 0.05;

Figure 7a). In addition, the expression of PCNA was mark-

edly increased (1.8-fold) in DEX compared with CTL islets

(n = 6, P < 0.05; Figure 7a). The ratio between pro-apopto-

tic Bax and anti-apoptotic Bcl2 proteins increased 1.6-fold

in DEX islets (n = 6, P < 0.05; Figure 7b).

Discussion

Glucocorticoid-induced insulin resistance is a useful model

for the study of the pathogenesis of insulin resistance.

Recently, we demonstrated that short-term administration of

different concentrations of DEX resulted in a varied degree

of insulin resistance without overt installation of type 2 dia-

betes (Rafacho et al. 2008). The insulin-resistant rats used

in the present study showed endocrine pancreas adaptations,

as judged by the increase in islet function, mass and beta-

cell proliferation. We showed, for the first time, in DEX-

induced insulin resistance, that the potential mechanisms

underlying these events are activation of the IRS-2 ⁄ AKT

pathway and cell cycle activation with the participation of

cyclin D2.

To compensate for insulin resistance, the endocrine pan-

creas undergoes morphological and functional alterations.

We, herein, show that DEX rats exhibit hyperinsulinaemia

and increased GSIS, supporting the functional improvement

of islets in this condition. The increase in plasma insulin lev-

els and the response to glucose of islets from glucocorticoid-

treated rodents have been previously described by others

(Ogawa et al. 1992; Barbera et al. 2001; Novelli et al.

1999; Rafacho et al. 2007).

Studies on the structure of pancreatic islets during insulin

resistance induced by glucocorticoids have already been doc-

umented (Boquist 1972; Visser et al. 1979; Jonas et al.

1983; Tomita et al. 1984; Zwicker & Eyster 1993; Rafacho

et al. 2007). The morphological alterations described by

these authors included hypertrophy and hyperplasia of islets

and beta cells, increase in islet vascularization and occa-

sional mitotic figures. No alterations are observed with

regard to the distribution of exocrine and endocrine cells.

These results correlate well with hyperinsulinaemia (Boquist

1972; Visser et al. 1979; Tomita et al. 1984; Rafacho et al.

2007). Here, we have also observed several hypertrophic

DEX islets with a reduction in roundness-factor and signs of

hyperplasia of varied degrees. Increased vascularization was

also observed (data not shown); furthermore, the normal

distribution of insulin-positive cells within the islets agrees

with previous studies in hypertrophic islets (Spencer et al.

1986; Zwicker & Eyster 1993). However, glucagon-positive

cells exhibited an apparent discontinued ring in DEX islets.

In accordance with this observation, islets from KKAy mice

show a reduction in alpha-cell area and these cells projected

from the periphery to the centre; this projection was often

sparse (Diani et al. 1987). Nevertheless, the absolute number

of alpha cells is not altered in these mice islets; instead, the

relative area reduction reflects the increased absolute beta-

cell number, which is in agreement with our results for beta-

cell proliferation in DEX islets.

Ultrastructural studies of islets during endocrine pancre-

atic dysfunction are scarce (Jonas et al. 1983; Janssen et al.

2003; Momose et al. 2006). These studies show modifica-

tions in the relative amount and aspect of some organelles,

including secretory granules. In the present study, we

observed an increase in secreting organelles, such as endo-

plasmic reticulum and Golgi apparatus in DEX islets, indi-

cating hyperfunction. Similar alterations in secreting

organelles occur in a diabetic model, the 21-week-old GK

mice, at a few weeks before the development of overt diabe-

tes. The beta cells of these mice present cytoplasm occupied

with large amounts of enlarged small-sized endoplasmic

reticulum with a reduction in the number of insulin granules

(Momose et al. 2006).

The relative and absolute endocrine cell area or volume,

especially of the beta cell, can be modified by experimental

and pathophysiological conditions (Tomita et al. 1984;

Zwicker & Eyster 1993; Gómez Dumm et al. 1995; Janssen

et al. 2001). Morphometric analysis of some quantitative

parameters was then performed to evaluate possible changes

during the onset of insulin resistance. An increase in islet

area and perimeter, as well as in the absolute mass and rela-

tive density, of the islets in DEX pancreas was observed.

These results are in accordance with previous observations

and indicate an adaptive mechanism to compensate for

peripheral insulin action impairment imposed by DEX (To-

mita et al. 1984; Ogawa et al. 1992; Rafacho et al. 2007).

Another revealing result obtained in this study is the marked

increase in PCNA staining in beta cells from DEX islets.

DEX islets exhibited an increase of more than sixfold in

beta-cell proliferation. PCNA is an indicator for cell prolifer-

ation and has been used to determine beta-cell mass expan-

sion (Zhang et al. 2005; Lipsett et al. 2006; Terauchi et al.

2007; Vasavada et al. 2007). The marked increase in the

ratio of beta-cell proliferation in DEX islets was not accom-

panied by a similar increase in islet mass. The maintenance

of beta-cell mass is a dynamic process resulting from a bal-

ance between neogenesis, proliferation, cell volume changes
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and cell death (Bonner-Weir 2000, 2001). It was demon-

strated recently that the absolute increase in beta-cell prolif-

eration might not reflect an increase in beta-cell mass in a

glucose-infused mouse model (Alonso et al. 2007). Herein,

the 6.4-fold increase in beta-cell proliferation includes all

cells that have been through S phase during the 5-day

administration of DEX. However, we observed an increase

in Bax ⁄ Bcl2 protein ratio indicating a positive trend for acti-

vation of cell death in DEX rats. Thus, these data could

explain, in part, the moderate increase in absolute islet mass

in DEX rats.

Literature reporting the control of cell cycle events in

beta cells is recent, in part, because of a long-standing

belief that beta cells cannot replicate. Several groups have

tried to elucidate the control of the beta-cell mass (see a list

of works in recent reviews: Heit et al. 2006; Vasavada

et al. 2006). Herein, we found a marked increase in islet

mass and beta-cell proliferation, accompanied by an

increase in IRS-2 and p-AKT levels in insulin-resistant ani-

mals. Several approaches, in vivo or in vitro, with pancre-

atic beta cells have confirmed the participation of growth

factors in the modulation of beta-cell proliferation and

expansion (Villanueva-Peñacarrillo et al. 1999; Garcia-

Ocaña et al. 2000; Amaral et al. 2004; Friedrichsen et al.

2006; Okada et al. 2007). Between the several pathways

most known to mediate beta-cell proliferation is the IRS-

2 ⁄ PI3K ⁄ AKT ⁄ p70S6K cascade (Lingohr et al. 2002; Okada

et al. 2007). We believe that high circulating insulin, rather

than mild glucose levels, exerts a positive and autocrine

effect on beta-cell proliferation via insulin signalling in

DEX-treated rats.

Consistent with this result, insulin infusion stimulates

beta-cell proliferation and increases beta-cell mass in rats

(Paris et al. 2003). Moreover, a recent study showed that

insulin, but not IGF-1, is crucial to the glucose-stimulated

beta-cell proliferation. Incubating MIN6 cells with high glu-

cose in the presence of an anti-insulin antibody almost abol-

ished the rate of proliferation (Muller et al. 2006). Studies

in mice lacking IRS-2 further support the role of insulin in

beta-cell replication (Withers et al. 1998; Kushner et al.

2002). Taken together, these data implicate the IR ⁄ IRS-

2 ⁄ PI3K ⁄ AKT pathway as a mediator of beta-cell prolifera-

tion in insulin-resistant rats.

The increase in cyclin D2 and decrease in pRb protein

content were also observed in DEX islets. Activation of

AKT in pancreatic beta cells resulted in a marked expan-

sion of beta-cell mass, due to an increase in beta-cell prolif-

eration and size, which is associated with increased cyclin

D1, cyclin D2, and p21 levels and CDK4 activity (Fatrai

et al. 2006). Thus, in DEX rats, the increased levels of

phosphorylated AKT might maintain, at least partially, the

higher levels of cyclin D2 protein. Recently, pRb loss in

pancreatic islets was observed not to result in increased islet

volume, density and beta-cell proliferation (Vasavada et al.

2007). Although pRb seems not to be essential in the trans-

genic mice model, we cannot rule out the possible partici-

pation of diminished pRb protein content, favouring the

release of cell cycle progression in our DEX rats. Finally,

we did not address whether the alterations in the protein

contents are mediated by a direct effect of DEX. However,

two lines of evidence favour the idea that this alteration is

the result of indirect insulin resistance rather than a direct

effect of DEX treatment. First, DEX incubation of airway

smooth muscle cells induced cell proliferation inhibition,

concomitant with decreased cyclin D1 protein expression

and decreased phosphorylation of pRb protein. Secondly, in

transgenic mice models (IR+ ⁄ ), IRS-1) ⁄ ), IR+ ⁄ ) ⁄ IRS-1+ ⁄ ))

that exhibit insulin resistance and hyperinsulinaemia, the

IRS-2 pathway drives beta-cell hyperplasia (Araki et al.

1994; Tamemoto et al. 1994; Bruning et al. 1997; Kido

et al. 2000). Zucker fatty rats (Pick et al. 1998) also pres-

ent hyperinsulinaemia, mild blood glucose levels and beta-

cell hyperplasia like DEX rats. Based on these data, we are

tempted to believe that the proteins altered herein (IRS-2,

AKT and cyclin D2), which are potential mediators of

beta-cell hyperplasia, are positively regulated by circulating

insulin.

In summary, we have generated an insulin-resistant animal

by short-term administration of DEX. Under these condi-

tions, compensations by the beta cell are observed, including

increases in islet function, islet mass and beta-cell prolifera-

tion. The potential mechanisms that underlie these events

are the activation of the IRS-2 ⁄ AKT pathway and cell cycle

activation, mediated by cyclin D2.
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